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PREFACE

This report is published to provide coastal engineers with a mathematical
modeling procedure for predicting shoreline evolution resulting from the con-
struction of navigation and shore structures. The model is calibrated with a
test case at Holland Harbor, Michigan. This report is a continuation of an
investigation by Le Mehaute and Soldate (1977) to determine the feasibility
of applying numerical models to real case situations. The work was carried
out under the coastal structures program of the Coastal Engineering Research

Center (CERC).
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CONVERSION FACTORS, U.S. CUSTOMARY TO METRIC (SI) UNITS OF MEASUREMENT

U.S. customary units of measurement used in this report can be converted to
metric (SI) units as follows:

Multiply by To obtain

inches 25.4 millimeters
2.54 centimeters

square inches 6.452 square centimeters
cubic inches 16.39 cubic centimeters

feet 30.48 centimeters
0.3048 meters

square feet 0.0929 square meters
cubic feet 0.0283 cubic meters

yards 0.9144 meters
square yards 0.836 square meters
cubic yards 0.7646 cubic meters

miles 1.6093 kilometers
square miles 259.0 hectares

knots 1.852 kilometers per hour

acres 0.4047 hectares

foot-pounds 1.3558 newton meters

millibars 1.0197 1 0-3 kilograms per square centimeter

ounces 28.35 grams

pounds 453.6 grams
0.4536 kilograms

ton, long 1.0160 metric tons

ton, short 0.9072 metric tons

degrees (angle) 0.01745 radians

Fahrenheit degrees 5/9 Celsius degrees or Kelvins1

1To obtain Celsius (C) temperature readings from Fahrenheit (F) readings,
use formula: C =(5/9) (F -32).

To obtain Kelvin (K) readings, use formula: K =(5/9) (F -32) + 273.15.
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SYMBOLS AND DEFINITIONS

a proportionality constant (8 aa)

B height of bluff (in case of erosion) or berm (in case of accretion)

Cb phase velocity at breaking

CO  deepwater phase velocity

Dc water depth at Yc .

d water depth

db  breaking depth

dV1  variation of sand volume due to horizontal displacement during time, dt

dV2  variation of sand volume due to beach slope variation during time, dt

Gb group velocity at breaking

Go  deepwater wave group velocity

g gravity acceleration

fib  breaking wave height

tlo  deepwater wave height

KD diffraction coefficient

KR refraction coefficient from deep water to the line of breaking inception

Ks  percentage of silt

k time-constant parameter

Lb wavelength at breaking

Lo  deepwater wavelength

2 length of groin perpendicular to shore

M loss of sand by rip currents

m beach slope at shoreline

ox horizontal axis parallel to the average initial beach profile

oy horizontal axis perpendicular to x, oriented positiveLy seaward

oz vertical axis, positive upward

I) longshore energy flux

Q dimensionless littoral drift discharge

Ob- littoral drift discharge in cubic yards per year

Q ji o loss of bluff voluMe (in case of erosion) due to silt

Q3. loss of bluff volume (in case of erosion) due to silt

7
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SYMBOLS AND DEFINITIONS--Continued

QYW loss of sand by wind

qy sand discharge in a direction perpendicular to the beach

S average bottom slope to depth of no motion

S horizontal displacement at depth, D., characterizing slope variation "

s shoreline

T wave period

t time

V volume of sand over a stretch of shoreline, Ax, unity

x., ys shoreline coordinates

y dimensionless shoreline

YC deepwater limit of the beach

zb function of x, y, t defining the bottom topography

zS shoreline elevation above a datum z = o

g2
A 7.5 x 103 x T

64

a deepwater wave angle with the ox-axis

ab  angle of breaking with the shoreline

ao  deepwater wave angle with the shoreline

AV horizontal displacement of the beach profile during time, dt

Ay function characterizing beach-slope variation as function of x

Ay2  function characterizing beach-slope variation as function of t

Ay2l function characterizing beach-slope variation with time due to rapid

change of sea level

AY" function characterizing beach-slope variation with time due to manmade
structures such as groin or navigation works

Ayff a symptotic (in axium) value ofx' when t -*

0 variation of wave direction by diffraction

0' angle of wave ray with a perpendicular to shore in a diffraction zone

p water density

8



A NUMERICAL MODEL FOR PREDICTING SHORELINE CHANGES

by
Be2nard Le Mehaute and liIis So1date

I. INTRODUCTION

This report establishes a mathematical model for shoreline evolution and
calibrates the model with a test case at Holland Harbor, Michigan. Even though
the mathematical model is general and could be applied to a number of situa-
tions, the emphasis is on the Great Lakes, and more specifically, on shoreline
evolution near navigation structures.

An interim report by Le Mehaute and Soldate (1977) reported on the feasi-
bility of applying existing mathematical models to real case situations. This
report is a continuation of that first investigation.

The present mathematical model includes many of the characteristics already

covered in the literature. In addition, the model presents an integrated ap-
proach on a large number of phenomena previously neglected. Its main purpose
is to develop a practical numerical scheme which could be used to predict shore-
line evolution. The model would then be able to point out the shortcomings in
the present state of knowledge. Therefore, the mathematical model covers some I'
aspects of shoreline evolution which cannot be quantified witi the data obtained
from the considered test case of Holland iarbor. The mathematical model then
has to be regarded as a research guide for the future.

One important aspect is the effect of sand size and density. It is well
known that the rate of shoreline erosion and sediment loss is largely affected
by these parameters. The fine sand is transported offshore, while larger size
sand tends to proceed alongshore according to a littoral drift formula. This
effect could not presently be quantified; therefore, it is introduced in tile
mathematical model as a constant.

The present mathematical model can continuously be upgraded as the state-
of-the-art progresses, and as the model is tested for a large number of cases.
It is important to remember that the model deals with long-term shoreline evo-
lution as defined in Le Mehaute and Soldate (1977). Short-term evolution must
be considered as local perturbations which are superimposed on the presently
defined topography.

Three time scales of shoreline evolution which can be distinguished are
(a) geological evolution over hundreds and thousands of years, (b) long-term
evolution from year-to-year or decade, and (c) short-term or seasonal evolu-
tion during a major storm.

Associated with these time scales are distances or ranges of influence over
which changes occur. The geological time scale deals, for instance, with the
entire area of the Great Lakes. The long-term evolution deals with a more
Slimited stretch of shoreline and range of influence; e.g., between two head-
lands or between two harbor entrances. The short-term evolution deals with
the intricacies of the surf zone circulation; e.g., summer-winter profile,
bar, rhythmic beach patterns, etc.

9



For the problem under consideration, long-term evolution is of primary
importance, the short-term evolution appearing as a superimposed perturbation
on the general beach profile. Evolution of the coastline is characterized by
low monotone variations or trends on which are superimposed short bursts of
rapid development associated with storms.

The primary cause of long-term evolution is water waves or wave-generated
currents. Three phenomena intervene in the action which waves have on shore-
line evolution:

(a) Erosion of beach material by short-period seas versus accre-

tion by longer period swells;

(b) effect of water level changes on erosion; and IA

(c) effect of breakwaters, groins, and other structures.

Although mathematical modeling of shoreline evolution has inspired some
research, it has received only limited attention from practicing engineers.
The present methodology is based mainly on (a) the local experience of engi-
neers who have a knowledge of their sectors, understand littoral processes,
and have an inherent intuition of what sHould happen; and (b) movable-bed
scale models that require extensive field data for their calibration.

In the past, theorists have been dealing with idealized situations, rarely
encountered in engineering practice. Mathematical modelers apparently have
long been discouraged by the inherent complexity of the phenomena encountered
in coastal morpology. The lack of well-accepted laws of sediment transport,
offshore-onshore movement, and poor wave climate statistics have made the
task of calibrating mathematical models very difficult. Considering the im-
portance of determining the effect of construction of long groins and naviga-
tion structures, and the progress made in determining wave climate and littoral
drift, a mathematical approach now appears feasible.

The complexity of beach phenomena could, to a large extent, be taken into
account by a numerical mathematical scheme (instead of closed-form solutions),
dividing space and time intervals into small elements in which the inherent
complexity of the morphology could be taken into account. Furthermore, better
knowledge of the wave climate, a necessary input, will allow a better calibra-
tion of coastal constants (such as those in the littoral drift formula).

In past investigations (Le Mehaute and Soldate, 1977), many important ef-
fects have been neglected, such as combined effects of wave diffraction around
littoral obstacles, change of sea level, height of berm and bluff, beach slope,
etc. Tile present investigation attempts to include all the important factors
associaled with long-term shoreline evolution. In the case of the Great Lakes,
importaace must be given to variations in lake level. The coastal zone is de-
fined by a three-dimensional bottom topography instead of a two-dimensional
shoreline (or two lines) as in the previous cases.

Mathematical modeling is essentially approached by:

(a) Understanding the phenomenology of shoreline evolution

quantitatively.
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(b) Calibrating, determining empirical constants, and separating
various effects, such as due to change of lake level, navigation
structures, etc.

(c) Predicting long-term future evolution.

(d) Assessing the effect of future construction.

The mathematical model presented in this report is just a first step in this
direction. Much of the model may be modified after the application of the mathe-
matical model to other cases which could be used for further calibration.

Theoretical developments for the model are presented in Section II. Section
III describes the shoreline evolution recorded at Holland Harbor, Michigan, and
compares the mathematical model with the test case investigated. Section IV
provides recommendations and conclusions. An Appendix describes a computer
program to investigate shoreline behavior.

II. THEORETICAL DEVELOPMENTS

Consideration is given to a coastal zone limited by boundaries at a small
distance from the surf zone (Fig. 1). The bottom topography is defined in a
three-coordinate system, oxyz, by a function zb = f(x,y,t) where the ox-axis
is parallel to the average shoreline direction, the oy-axis is perpendicular
seaward, and oz is positive upward from a fixed horizontal datum. The angle
of the shoreline with the ox-axis is small. The shoreline is defined by y =ys,
z = zs = zb(x,ys,t) which also defines the sea level as a function of time.

Z

z$

Z___ _ Waterline

o
c

X

Figure 1. Coastal zone...



The deepwater limit of the beach is y = Yc- (This limit defines the con-
tour line where the sand is no longer moved by wave action.) The water depth
at y = yc is Dc. It will be assumed that Dc remains constant as sea level
and beach profiles change. Therefore, Dzs/Dt = Dzc/3t.

B is the height of the bluff in case of erosion, i.e., when ay,/3t < 0,
and the height of the berm in case of accretion, i.e., when ay./ t > 0 (Fig. 2).

EROSION ACCRETION

Figure 2. Height of bluff or berm.

The quantity of sand over a stretch of shoreline, Ax = unity and bounded by
the datum, z = 0, y = 0, and the beach profile zb at time, t, is

YJ

V(t) = fO zb(x,y,t) dy.
0

Assume that, for some reason, the beach profile changes during an infini-
tesimal amount of time, dt. A further assumption is that the initial beach
profile which is considered at time, t = ti, could be the normal "equilibrium
profile." (The equilibrium profile may never exist under varying prototype
conditions (similarly two-dimensional waves never exist), but it is a conven-
ient idealized concept which could be approached in two-dimensional wave tank
experiments. In this case, it could be defined as the statistical long-term
average beach profile which exists under a given wave climate. The model here
is actually independent from this definition.)

The departure and modification from this initial beach profile can be
characterized by (see Fig. 3):

(a) A translation in the yz plane Afined by an elementary
vector of components.

ays dD
Tl 'dt

where! dD/dt is the rate of change of sea level. Note that this
translation is independent from the beach profile and, in particular,
if the beach profile normally exhibits a number of significant bar
formations, under normal conditions the translation will reproduce
this characteristic at the same water depth.

(b) A perturbation characterizing the departure or variation
from the initial profile. Since the rate of the vertical component

12
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Sd

I$|t dO )4 M1 v,) (t + dO) V€ Yl

Figure 3. Change of beach profile.

of translation is dD/dt, the perturbation can be defined only by a
horizontal displacement. At the deepwater limit, De, the horizontal
displacement characterizing the rate of change of the average beach
slope is defined by

aSy (xt)

at
so that

DyC Dy as1
at at ;t

The quantity of sand within the considered domain at time (t + dt) is

jYl 1

V(t + dt) = zb(xyt + dt) ,ly (1)

and the variation

dV oYj dzb
dt = dt dy (y, and 0 are fixed limits)

i.e.,

/ az az az
jV yl Dz az y . '-, d)dyd 0 \at -  -- dt ax dt)d

where azb/ax is the variation of beach elevation along the ox-axis. Since
the angle of the beach with the ox-axis is small

13
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I

azb aZb (2zb
-<< T-; 2-- = m is the beach slop, !

i.e., the change in z occurring along the beach is small relative to change
across profile and the beach profile variation over a distance dx is small
but remains an infinitesimal of higher order than over a distance dy.

For the same reason, the velocity of beach variation along the ox-axis
dx/dt is small as compared to the beach variation along oy; therefore

aZb dx aZb dy
-- << ay dt

and could be neglected. To evaluate the other terms it is simpler to refer to
Figure 3. It is seen that the integral is equal to the sum of:

(a) The change of volume of sand, dv/dt, due to the translation,
ays/at, is the sum of the change of volume due to the horizontal
translation (Fig. 4)

(B + C) (2)

and the change of volume due to the vertical displacement

(Y, - Yb) dD- (3)

where Y, is the ordinate characterizing the location of the bluff.

C

A 19Vb-

Vigure 4. Changes of sand volume due to translation
of one beach profile.
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The sea level displacement, dD, being small, the difference in
the quantity of sand represented by the two triangles ABC and A'B'C'
in Figure 4 is considered as a difference of infinitesimals and there-
fore is neglected. So, combining equations (2) and (3)

dV (B + D Ys dD (4)" d-t- =  DC at ( Y -Y )
dt dt

It is seen that when dV/dt = o

d Y c Yb dD dD
S B+ D S

where S is the average bottom slope. Note that this expression is
independent of the beach profile and, therefore, implicitly takes into
account bar formation.

(b) The change of volume due to the perturbation and departure
from the equilibrium profile. This departure is characterized by
a change of slope. Therefore, the corresponding variation of sand
volume (area AEG in Fig. 3) is 1 ) dSy 1 S

dV 2  = 1 'S d D(
at 2 C DC

dt2-

in accordance with the previous assumption. Therefore, the total
variation of sand volume, dV/dt, is (adding eqs. 4 and 5):

dV a d) 1 a,
(B + D.) - - (YC - YI;) +- 1 lc y (6)

This variation of volume is due to the variation of littoral drift along
the ox-axis and the onshore-offshore motion. The following terms are included:

(a) The discharge of sand leaving the beach per unit of width
includes:

(1) Qy,, due to loss of sand by wind.

(2) Q ,(x) due to the quantity of silt contained in the
bluff and which tends to move offshore by suspension. This
loss occurs only in case of erosion (ay./3t , 0) and is equal
to QY. = KsB ,y./t, where K, is the percentage of silt in

the bluff.

(3) Qtf due to the loss of sand from the beach by density
current during a storm. Qy. is a function of the size dis-
tribution and density of material. A beach of fine material
(<0. 1 ii) tends to erode more rapidly than a beach of coarse
material (>1 0. 'the coarse material tends to move along
the shore while the fine sand moves offshore.

II '5
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The determination of these three quantities is given from sand
budget investigations.

(b) A general term, M(x,t), expressing the local variation in
the sand budget due to loss of sand by rip currents along groins,
and to sudden dumping of sand in case of beach nourishment or flood.

(c) The variation of littoral drift along the ox-axis which is

Q(s) - Q,.(x + dx) = - T- dx (7)

Many formulas in literature sources express the rate of longshore transport,
as a function of the incident wave energy along a straight shoreline. Lonz,-

shore transport is also a function of the sand characteristics (size distribu-
tion and density), wave steepness, beach slope, etc.

The form of this formulation on shoreline evolution is of paramount impor-
tance. In particular, determination of the relative rate of sediment transpor-
ted in suspension and by bedload is very important since this ratio influences
the loss of sediment by rip currents.

Such evaluation is beyond the state-of-the-art, and any improvement would
require a major effort beyond the scope of the present investigation. Any im-
provement in the longshore transport rate formula could eventually be introduced
in the model at a later date. Therefore, it is assumed that the rate of sedi-
ment transport is independent of density and size and depends solely on the
longshore energy flux, PZ, by the empirical relationship

Q = 7.5 x 10 I, (8)

where Q,, is in cubic yards per year.

P is in foot-pounds per second per foot of shoreline and is expresszed by
the relationship (II.S. Army, Corps of Eingiineers, Coastal lingineering Zesearch
Center, 1977)

4 ( K.,) sin 2 , (9)P = 641T ,

whe re

K?, = refraction coefficient from deep water to the line of breaking
i n cept i on

T = wave period

11o  = deepwater wave height

¢o = angle of the deepwater wave with the shoreline
11 = angle of breaking with the shoreline

Note that this equation expresses implicitly the rate of littoral drift
along a straight shoreline in terms of breaking wave characteristics (except
for the deepwater wave height, 11,,). The equation is assumed to hold in case

16



of gentle beach curvature. The refraction coefficient, KR, and angle, ab,
can be determined as functions of the deepwater wave characteristics Ho , T, a0

(or ab) and the angle of the shoreline at breaking, 3ys/ax.

In the case of a groin perpendicular to the shore, at x -* - , the deep- r
water wave angle, a0 , with bottom contours is equal to the angle a of the
wave with the ox-axis since the shoreline has the same direction as the ox-axis;
at x = o (i.e., at the groin), the shoreline becomes parallel to the incident
wave crest very rapidly. Therefore, ao = o and

ao = -tan_-l ay0  (10)
ax x 0

lI taa general case, for an', val--e o1 x

10 = U + tan-
I Y. (11)ax

The breaking wave characteristics of wave height, lib, water depth db,
and the angle of breaking ab  can be obtained from the deepwater wave charac-
teristics, H0 , T, and ao . ao  is given by equation (11) in terms of a and
3y./ax which takes into account the curvature of the shoreline. The following
equations permit a determination of fib, db, and ab , provided the bottom contours
are parallel along a wave ray (Le Mlehaute, 1961), but could be curved along the
shoreline (Fig. 5):

CONTI U S

Y

Figure 5. Effects of wave refractions

on a curved beach.
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(a) Snell's law.

Cb  sin ab  --
CL Sil% -(12)

CO  sin a

(b) Wavelength (dispersion relation).

Lb 7b
0= tan h L-' (13)

(c) Conservation of energy flux between wave orthogonals (G is
the group velocity).

H2 cos a G Ht cos a G (14)
0 0 0 AD b b

(d) Breaking criteria.

= 0.14 tan h - (15)
Lb

From these equations, it has been shown (Le Mehaute and Koh, 1967) that when
ao remains smaller than 500, (; could be approximated as

wl:e re - T2 ().25 + 5.5 -](16)
whe re

2fr

Therefore, the refraction coefficient

K= /Cos a,~/

could be writter, inserting v, ,; given by equation (11), and ai, as given
by equation (16)

S -tan- 8Y,33X
1 (17)

Now it is possible to formulate the variation of littoral drift over a distance
Ax uniy. From equation (9)

-Q0. 2 2 8ab 1I2 aK.
- 2: 2 coA 2 2ab  I 2 K,. sin 2ai (18)

whe re

A 7.5 x 103 Dg T

.... . ........- - .. ... .. ... . - , ,,. - .- ,, ; . ...i .....1 8' l



On the other hand, since (see eq. 16)

S .(025 + . 0 )xx (x

and by taking into account equation (11)

1 __y (20)

ax 1 + Y/ 2 x

Finally, by inserting equation (20) into equation (19)

0.2S + 5.5 O/L 32y

x 1 + (Ys ) 2  3x 2  (21)

In case of wave diffraction, the wave height varies significantly along a wave
crest. Then, the previous refraction coefficient, KI,, has to be replaced by
a combined diffraction-refraction coefficient, such as KDK. (A diffraction
current in opposite direction to a longshore current takes ilace at a distance
from the end of the groin.) The variation 3 KD/Dx is much larger than Th;/, x.
Therefore, in analogy with equation (18)

(2 cos 2 a b + 2 K D sn 2a (22)aR D a ax PK 3.

In a diffraction zone, al is due to the sum of variation of shoreline direc-
tion, tan- I 3y./ax, and because of diffraction the rotation of the wave crest
around the end of the groin, a (Fig. 6). 0 is the angle which has the end
of the groin as apex and extends from the limit of the shaded area to the con-
sidered location defined by x. Figure 6 shows that 0 = ac) - 0, and 0'
tan- 1 x/k, where k is the length of the groin. Therefore,

C11, tan- 1 aye + oa, - tan- 1 
X (23)

a0 _ 0 1 1 (24)

ax ax Z 1 + (x2)4 2

and, differentiation equation (23) and inserting equation (24)

3 0_..b =12YS I I
+ 1 1 (25)

ax + x 3x z + N

where aKD/ax is the coefficient of variation of wave height du to combined
effects of wave diffraction and wave refraction. It also includes the effect
of diffraction current.

An empirical formulation for determining the combined effect of diffraction
and refraction is more suitable to quantitative analysis of a real sea spectrum

19



i.

X

Figure 6. Diffraction zone notation. .

than more exact theories of wave diffraction which are valid for periodic waves f!
over a horizontal bottom and are represented by a Fresnel integral. For this, )
it will he assumed that the nrgy travels laterally along a wave crest as well i
as along a wave ray. The lateral speed of propagation is assumed to be equal J
to the group velocity of a periodic wave of average period. (Actually, since
the problem is confined to very shallow-water waves, and the longest waves of
the spectrum diffract most, the limit of the diffraction zone is defined by an -
angle such as the velocity of propagat ion of wave energy along the crest and

IO

C D ,

where s is the distance along a crest from the end o a the groin. Figure l
shows from simple geometrical relationships that

r7

cos (, + ,10 2

oA = - tan ( I5q° - J ) 27)
t p ln o vr tan w40 and t

therefore,
area, such that ((4 7

--f ' If t 2 W ,\ (20)
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C90.

Figure 7. Notation for diffraction study.

In the case where the long groin is in the previously defined wave diffrac-
tion zone as in Figure 6, it is assumed that the wave energy which reaches the
groin is absorbed by friction. It is also assumed that the combined effects of
diffraction and refraction of a wave spectrum can simply be represented by a
sinusoidal variation of wave height along the breaking line (Mobarek and Wiegel,
1966) (Fig. 7).

Assuming that KD(X) is of the form sin k(x - xo) as shown in Figure 7,
scil as XD at A = o, K, at C = 1, then to satisfy these conditions

k = - tan 4 tan 1 (29)

T tan(450 - -ta (45'

which after some simple trigonometric transformations can still be written

k 2 - cos 2a (30)

to satisfy the equation expressing the conservation of energy flux, such as
given by equation (29), then

2 k2 V29" V) - cos 2ao

a ncos (4S' + aot) =  sin ao

and KD(X) = I(x)/ll0 is given by

K = W 2 cos (2a)1 2 sin Cos (2 q) [x + tan (45 ° - (31)( s in ct 49,,

21
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By differentiation equation (31)

dKD(X) ( r cos (2ao) 1/2 71 cos (2ao)

dx 2 sin ao  4Z

C c 2 °~4 ) [x + Z tan (450 - co]) (32)

Inserting this value in the littoral drift equation (22) permits the mathemat-
ical model to completed.

In summary, the variation of volume of sand dV/dt given by equation (6)
is equal to tile sum of: I:

(a) The loss of sand by wind QY,.

(b) The loss of silt Q.s = KSB 3y,/3t where Ks  is the percentage
of silt in tle bluff.

(c) The loss of sand by density current during storm, and
los by rip current (or brought upon by nearby river).

(d) '[he quantity of sand dredged or (at the opposite) deposited
during bcach nourishment.

(e) The variation of littoral drift along the ox-axis is 3tQ/ 3 x.

In a refraction zone alone, Q8/3x is given by equation (18) where Ky;
is given by equation (17). ab, is given by equation (16) as a function of
C(, and ao  by equation (11), with respect to the ox-axis. Also, 3a,,/3x
is given by equation (21).

In a diffraction zone IQ-/)x is given by equation (22) instead of equa-
tion (18) and the diffraction coefficient KD by equation (31), and 'K-:/x
by equation (32) for a wave spectrum. aj is now given by equation (23) and
)ai,/3x by equation (25).

Since all the phenomenological equations have been established, it is more
convenient to express them in dimensionless form. The "general" equation ex-
pressing the sand budget balance can still be written. (The loss terms have
been dropped for simplicity and can easily be included if necessary.)

ays dD I day )Q
(i[x,t] De) - + (y. --:v j- + 1, dt,-3x (33)

For an analysis, this equation is considered in dimensionless form. Let

length (4= (34)
B,) + D

where Bo  is chosen later

- At (35)(B,) + D'.) 3  (

A K2K2 sin 2(36)
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The general equation is thus transformed to

a- K2K2 sin 2a,d + (yc d_ + i - I

B + D at di 2 B + D di a 2

The hats will be dropped from all variables at this point in all discus-
sions except those relating to observed results. Also, the subscript ; for
y and Q will be omitted. Hence, the general equation used in the following
is

Dy D ,2-2 sin 2a,,
D ay dD 1 DC dAy :D

- + ( Y - Yb) + - s 2.(37)
Bo + Do at dt 2 Bo + DC dt ax 2

Recall
cos a 0

K. cos ab

where a. = a + tan - 1 Dy/3x and a, = function of a, as f(ac) (tile function
f depends only on P/l. o  as previously shown). Therefore,

1K 2K sin 2a. = K2  cos a sin OL2 siDC', '

Note

= (. af Du3
-- cos A0 sin ab = os a0 cos a - - sin a0 sin ab) = F(a0 ) Li X

The general equation (37) then becomes (after some rearrangements)

y BO + De 1 32).

at B + D _ 1 + (y .x

where

BO + DO dD
R(x,y,t) = B + -), F(ao) --- (Yv - Yj') -

1 DO dAyK D+B ++ 2K- 3x cos c, sin 3,)2 BC + DC dt ."

and
a = a(x) in the diffraction zone

The above equation is the general dimensionless form which gives the time-
dependent sand budget.

The general equation is nonlinear and appears to be impossible to solve ana-
lytically. As it is also difficult to solve computationally in the most univer-
sal case (where lake level, beach slope, and bluff-berm height vary as functions
of x, y, t), several simple cases are described in detail which indicate the
behavior rf the equations. Although numerical results are presented, detailed
descriptions of the nunerical methods used are given in a later discussion.
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The simplest examples are those of beaches having negligible or identically

constant bluff-berm, uniform beach slope, and uniform lake level. In these

instances, the general equation (38) reduces to

1 2 KD 3 a (

> (a) 1 2y + 2K- cos Uo sin ub + F(ao) - (40J

3t F + (a) 2 ax2  2D 3x

subject to the appropriate boundary conditions.

Suppose (as shown in Fig. 8) the beach is initially zero, bounded by a
breakwater which is a complete littoral barrier, and subjected to waves having
uniform positive deepwater direction. The boundary conditions are

3y
x- tan a at x =0

3ya=0 at x= L

ax

where L is a distance along ox, large enough so as not to be influenced by
the groin.

The shoreline is calculated for a fixed H0 , T, at intervals of equal At

(shown in Fig. 8) for selected times. The general shape of these curves is
similar to the type formulations obtained by Pelnard-Considere (1956).

V

a

Y

a

INCOMING WAVE DIRECTION

INCOMING WAVE DIRECTION

A 1

-

INITIAL SHORE LINE I NITIAL SHORELINE

Figure 8. Initial shoreline and incoming wave direction (A);
shorelines at successive times of 1,,t, t, 5t,
lOAt, and 20At (B) (vertical scale exaggerated).
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An extension of the above example is shown in Figure 9 where both sides of

a breakwater are considered. The initial position of the shoreline and wave

conditions in deep water are as before (Fig. 9). The boundary conditions

become

0 at x= -L
ax

y = 0 at x = -0 (simplification of more exact condition)
x

2_ -tan a at x = +0
ax

Ly= 0  at x= +L
ax

The uniform depth theory of Penny and Price (1952) is used as an approxi-

mation (not substantiated) for diffraction about the end of the breakwater.

The shoreline is calculated for various multiples of a fixed At (Fig. 9,A).
r.

a

INCOMING WAVE

DIRECTION

INITIAL SHORELINE

A

INCOMING WAIVE INCOMING WAVE
DIRECTION DIRECTION

INITIAL SHORELINE

B

Figure 9. Shorelines at successive times of SAt, 10At, and ISAt (A);

shorelines for time 2At (B) (vertical scale cxaggerated).
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Allowing the wave direction to alternate between +a and -u at a fixed
rate gives an interesting variant to the previous example. The boundary condi-
tions are as before for a > o. '[he results are shown in Figure 9(B) for the
same values as the physical parameters used in the problem of Figure 9(A). Of
interest is that the undulatory patterns of the shoreline in Figure 9(A) dis-
appear in Figure 9(B). Hence, diffraction-induced undulations in a natural
shoreline probably rarely appear since offshore wave climates are often
mult idi rectional.

The numerical scheme used to generate the preceding examples was based on
the use of implicit finite differences. Such schemes, whether implicit or ex-
plicit (or both), are commonly used to efficiently solve parabolic problems.
However, even in the case where only refraction is considered (Fig. 8), the
boundary condition

-= -tan a at x= 0

numerically gives a solution which initially may not conserve mass, i.e., the
integrated transport equation

f-t- ydx = Q(L)

may not be satisfied.

Unfortunately, this feature is unavoidable for most such schemes (the ex-
ceptions are dilcussed below) as the following demonstrates. Figure 10(A)
shows an initially straight shoreline. In any finite-difference scheme, after
one time increment At, the shoreline is bounded below by the solid shoreline
in Figure 10(B). This shoreline has the least possible area, A, where

Ax2

A = -x- tan a (41)

The conservation of mass equations requires

AtQ(L) = At cos a sin ab ? A

Thus, At must satisfy the inequality

sin A x (42).;In '' - 'o CX

Since the accuracy (and in explicit schemes, stability as well) depends on the
ratio X = At/Ax2, the above inequality places a lower bound on the accuracy of
the solution which may be unacceptable in practice. The finite-difference form
of the equation for the conservation of mass may he incorporated directly into
the numerical scheme. In this case a solution exists which is similar to the
previous case but shows a small erosion throughout the reach. For engineering
applications, the primary quantity of interest is the amount of suid on a given
shoreline. Then it is more important to conserve mass than to satisfy the shore-
line boundary condition as written in the present form. The general equation is
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a INCOMING WAVE DIRECTION MINIMAL SHORELINE

a - COMPUTED SHORELINE

A

x
A x 2A x Ax 2Ax x

Figure 10. 1In it ial1 shoreline and incoming wave di rect ion (A) ; computed anid
minimal shorelfines for fini te-di fference scheme of time I-At (13).

nlow Used to deive anl equivalenit equation for the trnisport Q which, although
subject to similar nume311rical p rolems, will satisfy the trnsport boundary conl-
ditions exactly.

Ini a situation where only refract ion is important, the general equation
then becomes

3y i
3t ix

where Q is cos a' Sill (X/,, ki is f(IO) , and m(,) is a tan1 3y/3x. D)i f fe ren-

ttatinig by x gives

3 3y 31o

at dx aX2

The t rasport ftunction Q canl b), Cons ide red as; a funct ion of" Lx wh ici m1ay

be -solved for ac~ such as a = g(Q) . Thus , the t ransport equat ion (3
becomes

il.tan (ci0  a) t tall(g Q) - (t) =-
it itx

thle refo0re,
3g(Q ) -0c s 2  (g(Q) - _ a. ) 2 )

b)ut
Ig(Q) -dg(Q) :)Q

thle re fore , t d )t

IQ _ 0o2 (g(Q) -Xa) 12Q (4
.It dg(Q)/dQ )X2  (4
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Assuming a solution for this equation is known, the shoreline y can be calcu-
lated from the equation

f)3x

In practice, the equation for Q is not solved in the above form. Implicit in
the above formulation is the assumption that the function g exists. However,
as shown in Figure 11, g is not single-valued if the maximum range of the
angle ao is greater than approximately 41'. This difficulty may be removed
by considering the equation for Q and y as a system subject to the boundary
conditions for Q. Note that

cos2 (g(Q) - a) dQ 1 (L

dg (Q)/dQ deto A ( )I
Hence, the equation for Q becomes

aQ _dQ 1 32Q
~t dc I + (ay/ X)2 *5;T (45)

0.5

0.4 - 0.75

*0.3

20.50

0.2

z -0.25

0.1

to 20 30 40 50

INCOMING WAVE ANGLE (

Figurc 11. Transport function Q(cx0) =Cos U6) sin za,
for selected values of z.
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This, together with the equation Dy/Dt = DQ/ax, is solved in a cyclic
scheme. One possible method is the centered Crank-Nicolson type implicit-
explicit scheme discussed below. Suppose y is given for all x at a given
time, t, and that from t the wave climate is specified by the (constant)
triple (a,1to,T). Let

dQ 1
L(t,x) =ddao I + (Dy/Ax 2

At
Ax

2

L(t,x) = an approximation to L(t,x)

Integrating the Q equation gives

Q(t + Atx) = Q(t,x) + At (t,x) L(t + At,x) (46)
2 DX~ 2 t LXt t At]

where
-2Q Q(x + Ax) - 2Q(x) + Q(x - Ax)

-a Ax2  
(47)

Integrating the y gives

+ 1tP +L (48)y(t + At,x) = y(tx) + 2 x I

- - 3x t +At
where

Do Q(x + Ax) - Q(x - Ax)
ax 2Ax

These equations are solved numerically, subject to the appropriate boundary

conditions, in steps using the cyclic algorithm:

(a) Let L(t + At,x) = L(t,x) Vx.

(b) Calculate Q(t + At,x) Vx subject to the appropriate boundary
conditions.

(c) Calculate y(t + At,x) Vx; calculate L(t + At,x) and set this
equal to L(t + At,x); then calculate new Q.

(d) If new Q compares with old Q, stop; if not go to step (c).

Tests with this scheme have shown that it converges to its limit after one

application of step (c).

This method can easily be modified to solve the equation where both dif-
fraction and variations in lake level are allowed; i.e., m is the slope
(refer to eqs. 37 to 40).

ay _ 2 si b  1 db (O
ay= 3x K 2 cos asin 

(50)
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For convenience, let Q = cos ao sin cb

Q= K2Q (51)

As before, referring to equations (43) and (44)

a Dy_ = 1 dg(Q) 3Q 1
at ax It cos2 (g(Q) - a) dQ at cos2 (g(Q) - ) at

Also,

1 32 Q 1KD
t= K2 - + 2KD- Q

from equation (Si).

The second term in each of the above two equations is negligible in physi-
cal situations of usual interest where the distance between the shoreline and
the tip of the breakwater is large compared to the distance the shoreline
changes during a time At.

Therefore, the transport equation becomes
-2

- COS2 (g(Q) - a) (52)at dg/ 3X2

and

Dy _ 3Q 1 dD

at x m dt 
(53)

This system is solved using the same type of algorithm as used previously.

In the present situation where only refraction is important, several approx-
imations are possible which produce problems having analytic solutions. The
most direct approximation, and essentially the assumption of Penard-Considere
(1956), is to approximate

y D a2y
-= (z cos ao cos 0 b - sin ao sin ) 1 + (a/)2 IS

where z = 0.25 + 5.S Io/L o (see eq. 16), subject to the boundary conditions

ly- -tan a- z Ix = o0 ta

y(x,t) = 0 for x

by
y 2y

- = a
t a3x-
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where a is a constant. For the standard breakwater problem, the most logical
choice for this constant is given by

a= = z cos ao cos b- sin ao sin CJ,) 1 + x/ x =oa 1+ tan2 CL 0 12 )/X~

since the shoreline in this case is principally governed by its behavior at the
breakwater. This problem (defined by eq. 55) has the solution

y(x,t) = 2 tan a -v -x 2 /4at - tan a x erfc ( (56)

wiich is the same as that of Penard-Considere except that the constant a has
been changed. This problem, however, doesn't conserve mass since

f y(x,t) dx = z sin a cos a sin 
za cos a

When this approximation is used in the transport equation for Q, the
problem becomes

10 a2Q
- a

subject to the boundary conditions

Q(x = o) = 0

Q(x = -) = cos a sin aLj
which has the solution

Q(x,t) = cos ax sin ab erf (v_ (57)

Integrating the equation,

ly -')
)t 3x

gives

y(x,t) = cos a sin It, -X2, a erfcyjj (58)

which is of the same form as the previous solution (eq. So).

III. INPUT DATA

1. Description aid listory of Navigation Project at Holland harbor.

The input data, wh icli are pertinent only to the present investigation, deal
exclusively with i the a rea near lioll;md Harbor, Michigan (U.S. Army I!n, ineer
District, Detroit, 1975). Construction at Ilolland Ilarbor ' began about I 56 when
the city of Holland cut through a narrow tongue of land between Lake Michigan and
Lake Macatawa (Fig. 12). 1The present dimensions of the navigation project were
established in 1909. lhe existing navigation structures have been const I'uct ed,
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Figure 12. Layout of shoreline reaches characterized
by different beach conditions.

reconstructed, and repaired by seglments during different periods over the past
117 years. In general, the north side shows accretion while the south side
shows accretion from the breakwater to about 1,200 feet south and then general
erosion farther south.

The following areas (Fig. 12) appear to be affected by the navigation struc-
tures as evidenced by aerial photos, condition surveys, and plat maps for the
period of record (1849 to 1945):

(a) North of Holland Harbor (gaglecrest Road to the North Pier of
Htolland Harbor). It is considered that the accretion fillet north of
the piers has been relatively stable since 1933. After that date, the
predominantly southward-moving littoral drift has been diverted lake-
ward resulting in rising nearshore elevations north of the breakwater
and deposition of material in the entrance channel. This reach of
shoreline, about 5,000 feet in length, is characterized by increasing
accretion from north to south (Fig. 12, reach 1).

(b) South of Holland Harbor.

(1) Holland Harbor entrance channel to a point 200 feet south
of the Ottawa-Allegan County line (Fig. 12, reach 2). Reach 2 extends
about 2,000 feet south of Holland Harbor, and consists of a sand beach
about 5o feet wide backed by low sand dunes. The shorelii e adjacent to
the south pier accreted at the rate of 9.6 feet per year from 1871 to
1944, a total of 700 feet. This area of accretion diminishes prores-
sively southward from the piers to a point 200 feet south of the county
line where the shoreline before major construction (1871) coincides
with that of the 1929 and 1944 surveys.

(2) From 200 feet south of the Ottawa-Allegan County line to
147th Avenue (Fig. 12, reach 3). This reach is about 2,400 feet in
length and is characterized by high, stabilized sand dunes (up to 120
feet above low water dattum) which are being undercuit by wave act ion.
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(3) From 147th Avenue to a point approximately 1,900 feet south
of 146th Avenue (Fig. 12, reach 4). Reach 4, about 4,500 feet long,
is characterized by eroding sand dunes up to 225 feet high. Figure
12 shows that erosion is greater at the northern end of the reach and
decreases progressively southward. At the southern end of thle reach
the shoreline before construction of the navigation structures coin-
cides closely with that of the 192-9 and 1944 surveys. Erosion appears
to be greatest at a point about 800 feet south of 147th Avenuec where
the shoreline receded about 220 feet trom 1866 to 1945, or an average
of 3 feet per year.

Thle rates of movement of the -shoreline near the harbor have decreased
(1945-73) but the trends of accretion onl the north side and erosion onl the
south side have Continued. The present lower rates of shoreline miovement
are due to several factors:

(a) Trhe rate of shoreline movement due to the navigation structures,
decreases with tine.

(b) Local interests have built more shore protect ion st ructures ;is
their property was threatened. The consequence of these st ructurles is
to reduce the apparent rate of erosion locally, but this is accompli shed
at the expense of steepening of the offshore bottom profiles and inl-
creased erosion downdrift. The shoreline protective struLCturl'S no0W
extend almost continuously from 1,000 feet to abou)Lt -1,000 feet South
ot thle harbor.

(C) The biluffs, current lv under erosivec wave attack betweenl 5 000
and 7,0O00 feet south of the hlarbor, are Very hlighi So t hat erosionl rates--
measured in feet peri yea r are 1oW bult the co rresp~ond inrg volume rates
(inl cubic Yards per foot) aIre hi gh.

The shorelines apparent ly have becomre coIlMa at i ely' stabiili:zed s i rice about 19533.

2. Gcororphiologzy.

Figure 13 shows the nea rshaore batlhvmet ry det erim inedl by a suvyin April
1973. Beach p rofi les from this; survey and one inl May 1945 are surirIIaI-iZedI inl
FiguLre 14. Thiiree or four lines of 1 orrgShore haIrs a re p ram II~inet most atl the
tirne and occur'- in water depthis to appIIoximately 30 feet. ['lie first bar, Ill
deitis of I to -4 feet, can clrarrge raip il frOM stk ann) tO StOIarM ad i.- s at en
broken into shor't segments f'rom 200( to 1 ,000 feet lanoll" rip ij Cannelis. A\d i a-
Cent to the breakwaters, the rip lraire C1,1CS terril to el orig;ate lakr I' as far as
the second bar. [he second and t liiil kli~ ' crri i ri depitlIs af 1 to 14 feet

apa'to be afftected onl y Li Ir'ge r Stl'l arm C iirc ad a r' rt' 1at i VC]\ COIarlt I Mlons
along tIre shore. :\eri :11 phOtos slio%% thlat theise liris t end to lose the i rn1 prnu I
nerice as they app i'o:aCh t lie bIiakwAtCeis fr-1 om i ba I sdes , su~ggest ilk rIg t 1) jIre-
vai iri g e rostin exri s ts ac r'oss thle b a r Cre' t S r1OI- tir IW 1)e-dKW atei's. Ie fonrt 11
bar occurs, at deplthis of' 15 to 201 fee't Aliont I 1,.00 feet a tfslrre and it, clra rae-

terized by crescent ic crests disbiirgravlrg r itrieCr-i 3,00 (hIlt)ard ,0
feet. A crescent ic four'th biar % itli all axe rage av WI rICgt Il Of 3i)lrt 1, 001) ICet
existed north at' Hal I and H~arbor, int 11o1e eXISted onl t lesoothI Side'.

Alt horigli tire genera n'a Iiilyiretr'y tollmows thre coaIst i i re Si gi i ficalirt depa i-tt nr
tf(rom t lii s trend occurs ill aI regionl Off'sliorc Of tilie HlIil ard IlalliOr I)I reakw;it e rS

(Iig. I5 S) 'lire 2-1-, 3Y-.aidL 20-foo0t-dept II Coritiilrr; nireamlder siurrply off theL
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harbor entrance, delineating a ridgelike formation which extends obliquely
lakeward from north to south. Deeper contours to the southwest of this forma-
tion suggest that it may extend as deep as 5o feet. The ridge has a maximum
height of approximately 7 feet, and occurs due west of the harbor entrance.
Between the ridge and the harbor entrance is a steep trough about 34 feet deep.
A lack of survey data before the harbor construction prevents a reliable con-
clusion as to whether or not this underwater ridge was caused by the presence
of the breakwaters. However, the possibility cannot be ruled out that it was
formed 1,y the littoral drift arriving predominantly from the north and flushed
lakeward by the breakwater. This material, unable to return shoreward due to
the absence of significant swell activity in this region, could have accumulated
to form such a formation on the offshore bed over a long period. Implications
of this interpretation are significant because it may mean that little, if any,
bypassing material across the harbor entrance could be expected to reach the
southern shore of Holland Harbor.

Many of the dunes reach a height of 150 feet, and in a few places exceed
200 feet above the lake level. The highest dunes are confined to a belt about
1 mile wide but lower ones occur for a width of several miles near liolland.
Dune building by wind action is still active. North of Holland Harbor some
low dunes are actively migrating inland or leeward from the bluff onto rela-
tively level upland. In this area the dunes are 40 to 120 feet high. At nu-
merous places, slumping of vegetation is evident on the bluff slopes. Sough
of Holland the dunes are higher, frequently more than 200 feet above lake .evel.
The dunes are well vegetated except for occasional blowouts on larger dle,.

At many places, dunes descend directly to the lake or to a narrow strip of
beach up to approximately 50 feet in width. The only area near Holland ihiarbor
where a substantial beach exists is about 2,000 feet immediatel ' north and about
500 feet i mmediately south of the breakwaters. Maximumi beach width in thi s area
is about 500 feet on the north side and 150 feet on the south side, indicating
the predon i nance of littoral drift from the north. Berm development is gener-
ally poor for many miles of shoreline north of tiolland. Berms develop more fre-
quently south of Ihol land, growingo to an average height of 1 foot in tile swash
zone. 'hese herms are usually truncated at positions of a recessed shoreline
where a rip current has gouged a deep channel across the surf zone.

3. Littoral Materials.

Tle domirnant littoral zi ate riail whicn comprises dunes, beaches, and ncarshore
lake bottom is glacial sediment belonging to a fine sand cat egory (less than
().42 millimeter in m:iedian diameter). Scattered pebbles are found both on tile
dimes and the lake bottom. Sand-sized material is dominantly quartz (80 to 85
percent) witli up to 12 to 15 percent feldspar. Heavy materials represent only
2 to 3 percent.

a. Nortn of Holland Harbor. An analysis of bluff, foreshore (above low
water datum) and bottom samp les indicates that ti'e majority of t nese sands
belong to tile fine sand category. (The Unified Soil Classification System
defincs fine sand as ranginig in size from 0.42 to 0.074 millimeter (1.25 to
3.5 phi), and medium sand as ranging from 0.42 to 2.0 iiillimeters or 1.25 to
- 1 . )0 phi i) . X'orth of tie harbor, tile average 11 bluff Md foreshore sand consists
of 88.0 percent fine sand and 11.7 percent medium sand; the average lake hotton
sad consists of 95.0 percent fine sand and 5.) percent medium sand. A eneral
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t rcnd CXi St S for thle Sand S i C to become progres si vely smal1ler from foreshore
to offshore. Average medi an di amctc rs arc 0.534 illimeateri at the foreshorc,
0.28 mill imeter ait dicpthis of 5 and 10 feet , 0.23 iiililil:ctcr at depIths'- of' 1') anld
'0 feet , arid ). I8 millimeuter at dcpths of 25 and .50 feet . Dunei and)L bluff sanld
is somclwhiat fin. a' thlan tile fo rcshorc sanid, but Coa rser thanl thle 1A akc btt ol
sanid. Therec is 1littlec sx'stcmat ic va at ionl inl sand si ze with dist ances frol:i
tile b reakwate r. Sort ing ranges hctcccn 0.28 and 0.40 phi , idcat ing vcry goo-d

sotn;srig aisltl betwccn dunc, forcshiorc , and the 5-foot depth
and bcconc os poorcer t ovaad decpcer watecr , a'zca ci g approx imatecly 0. 40 phi at
depths of 20 and 30 fcet.

b). Soot IiOf 11loll1and H aa'o r'. The mla ioiItx of tilec s amIs from tilie dunc , tice
hluftf, tile fo rcsnorc , and thle lakc bottom oil thc south s idc of Hol11and bcelong
to thc fi nc s and catec or'. General ly , on 1>' minor diftfcercnccs exi st bett wccll
aivc ia c sands fi'on the niorthl anid thle S outhI si des of H oll and. Thle ave rage Mulftf
and foi'csho rc sand Consi sts of 8S5. 1 pecent fine sand (finer than 0-42 mill i-
mctc i) and 14. 9 liericent mediumb sanid. 'The avr rag liakc bottom sanid Consists oft
94. 7 pc rccnt fine sand and 5 .3 percent m11cdi1i nSand. Medi an di anct eris decrease
tfrom torcshorc t owarcld offshor'e, about (0.25 millimeter at dc'i s of' 57 UIQI 10)
feet , about 0. 20 mnill imeter ait depthis of 15 and 20 feet , and about 0. 10 m illi-
mloe i t deptlis of 25 and 30 feet. Duo and blu ff sand is finer thanl tile fore-
siire sand but coarsera thanu thle lake bot tom s and. The lake hot tonl sands arc
di stilmtv l'Coar'ser~ immuediate lv sooth of the hairbor' and also a1 long linies 11 and
12 (1 iog. 13 ,abu t, feet south Of tile hla rhor. So I't inl g di Sp 1aVS a widei'
scatter than onl the nortth -side of Holland, a'ainlg betweenl 0.3 anld 0.5 pi.
As oni thle northI s ide, sort ing becomies lpooi'c i from t'oi'shore toward o ffshiore.

The pr'inc ipal sour'ces of lit toiral materiial ar'e thle beach and thle blut'f.
Generally along ea strni Lake 'Michigan , ar~id part icularly near' Hbolland 1larboi',
tile supply of' littoral ma ite'i a I lrom Maj or ilin and w'ater IIuno ff is neg Ii i b 1 e
For' thiis reaison, the I ong-te im geologic t renid appears to be for- sediment from
shiore eros ionl to fill inl the Lake.

C . ShoaIi n g and Dredgngti. Slioa 1 i u and dred,,,ini r iec orids i nd i cate tihat the
annual shoal ing ill the entriance Chinne 1 of' Hol1land ll i rho i' Mx'eila ed about 2,0h
cuic y'ards for the pleri od 190-3-70. The pat tern of acecretiton shiows somei ' ca rly
variat ion and indlicates, that mateirial eci' oilChes into the cntrianace i'e'a fr'om
both Iio rtl ild s out Ii. Inl add it i on, t eiA e lat iVe aiIount Of dift t'1'01on iOI't Ii

ndsooth appears to va ry fr'omi year to \,ear. I:io i'e 10 shows cond it ions at
the harbor entrance before dredging inl 1973 anid 1974.

4. 'Aeteorology.

The doiiiut factors ie w i ids , waves , anld wa t ci' level 'aiiat ions. Incw
w inds andI waves atre di roeet 1 v res')onsi 1) 1 c fo r sed imen t mlovem'enit s , anld f net na -
t ionis of ic:ate]' ieeeVI IsSci'ate thle i'eginles of thle two i-'ZaS affeILcted, i.e.,
thle backsiiore above thle wateri'lln and tile t'oresiior h' elow thle wat i'Itinlc.

a. *ids -inids ai- ie a dominanlt for'ce aiftect imiii the i ci lanid lhi'lic irea;

they pr'oduce at numlier o I' majori effects bv (at) lent' iat in g at foric e for w xvc s
(b) causing lake level chanoes, anld (c) tr'anspor't Ing santd lacross thle bea ches,
part LCJeta r1Vx thle filnl' er ] illent si :es. L i nt dati a ivta i Iib It fr'om shi ip reporit S
over the soulthern half' of Lake Mi clli;ia (south oh' 1i .11 shio%\ 1hat more t han
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Figure 16. Conditions at Holland Harbor entrance before dredging in .VS
and 1974 (from U.S. Army Engineer District, Detroit, 1973J.

21,000 observations were taken from 1963 to 1973. These data have been sun-
marized for a 12-month period (Fig. 17,A) and for a 9-month ice-free period
(Fig. 17,B). A 3-month ice period would correspond to a severe winter.

b. Waves. Sources of wave data for Lake MIichigan were (a) Sum.'m,;iry of
Synoptic eteorological Observations (SSMO) (X ational tOceanic and .\tmosphertc
Administration (O\AA), 1963-73); (b) Saville (1953); (c) Cole and Hilfiker
(1970); and (d) Littoral Environment Observation (L1O) program data from the
U.S. Army Coastal Engineering Research Center (Ct'RC)

Figure 18 shows deepwater wave roses for an averaige 12-m~onth period and for
an assumed 9-month ice-free period, respectively, in southern Lake .ichigan.
Comparison of these wave and wind roses reveals a close agreement with the tind
and wave statistics. Dividing wave heights into two groups (i.e. , by heights
lower and higher than 4.1 feet), the low waves occur most frequentI ly from the
south, while the high waves occur predominantly from the north.

Fi,;ure 19 shows exceedance probabi lities of deepwater waves based on SSM(10
and hindcast data of Savi lie (1953) and Cole and lii fiker (1970). Only those
waves which occur during a 9-month ice-free period and are traveling shoreward
are included in the statistics. The three statistics generally agree quite
well for wave heights up to about 8 feel. For wave heights larger than ,' feet
(which occur only aibout I percent of tie time), a discrCpa IIcy between the three
is evident. The SSM() data show a less frequent OccurI'ence of higher waves, but
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this maY he pa rtl1y due to the fact that sn ips tend to ;iv i d st orms.i iiis may
aliso be less true for the iii ghe r %: i ndspeeds ; hce, the frequency of occurrence
Of hi11h Waves 1My tend to hec ove rest imated. Thie dijsagreenment hetween Savillei's

nd ole anid Ili 1fi keri's h i odas t dat a p robab lN results ;e cause S av ille' s dat a
are b)ased On coastal winds .h i cli arc generial ly weakeri than those onl t he deep-
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5. hlydrology.

a. Wateor Level Va riat ions. Figure 21 suijumari:es thle observed mean mionthily
lake levels since 1920. Records are avai labl e back to 180h0.

1). Currents. Currents in the [toll and a rea a re var iabl e . They ,cnerally
appear to take a northward set during thle summ11er and a Sout hward set during the
winter in response to the prevail1 ing w iii is a It houIi reversal S are f requent.
There also appears to be evidence Of a rotLat i onaI C urrent Sy'Stenl inl Lake
Nichiganl which is not very well unde rstood. InI the iimciidi ate nearshore area
it is likely that thle currents; are wave induced and i~i 11 propagate alongshore
in thle direct ion of ttie dominant waves at the t inc. Inshore of the first bar,
rip currents aire ext reme ly wel11 developed and canl add a sign ifi cant amount of
offshore water m,,ovement to the general 1 ongshore current . I ntens ityv of the rip
currents is evi dent from a numbier of rip ctianne Is which are gouged I to 2 feet
be low thle adj acent groLund. Longsh;lorQ Currents, app roachingj [toll and [[arbor are
deflected lakeward a long its breakwate rs. Aerial photos idcate that thle de-
fl ect ed current , after b vpas s i the hiarbor ent rancec, w ill move a Considerable
distance lakeward before tuiringi para 11lel to and towa'rd thle shore- Otf thle downl-
drift coast.

C. Ice. Floating ice is commwon in the tiol land [[arbor areaI during tile
winter months. [cc accumulates on) thle becNh hN' wind anld aJVe aIct ion and r-
ported lv oft en ext endis in a solid mlass from thle shioreline to mo re thanl 1,mm0
feet Offshiore. 1W.ave hei htS are smbs-t ant itlIV dcrIeased with in anl i cc field
and ice along, thle shore blocks wave act ion to sonmc extent. [toweve r', thle acLt ion
of ice call accelerate eros ion processes; e~.,iCe being jushed1 upJon t ie tCICh
will loosenl con sol idated beachi and bluff material and some of the sediment be -
comecs embeddedL in thle ice at thle shiore and over ttie 1onIgstore bars to be cairr1itd
elsewhere if' ttie ice diifts awav during" the spr1ing thaw. Tile averaget i c Season
ait [toll and I tarbo r ext ends froi laite D~ecemberi to late Mlarch.

0. tLrttorAl Drnft EFstiiHato froi tCave Stat ist ics.

Littoral dri ft has beeni com.putoi froln tile avai tabv to wve st atistics d is-
cuIssed eai-l ier. '[The goVC el-1 i ug ro I a It i oisl P; I u s ed taIS (t.. . rmy1N , C orp S o f
Engineers, CoastalI Ra~iern escarcii Center, 1977)

0000133 k.

where Q is tile potent iat Ii ttora;l dr-i t inl cuic yards per ' dAy nd 1, th11
longstiore momentum tILIX ill t'CLt pe r poiiund 1)1 La\' per foot of boicti . [lie re-

lat ionship[ betwen L and i detcorm i nd [rom t 1neali- thcr iniasSuminlg
that thle bottom conitour's are St Ii ghit aInd tiar I o. [oIUiiinbr of, 1ha I'S per
day for each wave hei ghit pe i2-iOi-di rect ion ctlass is givenl 5Y

8o4 .10-

whe re p) i s ttlie p)robabhi I i tvy o f oc currenc o f t hat wave VVCla;SS. C.onput11 at ins
we ic madeus Ll' t tie wa;ve st at isties fv 1n 11sSM() data, Sax' i Io I1,c and Cotlo
and [IitIfi kor (j19701 . The( duration oi Computation is for thte 9-nioutil i~e- tree
period ['ron I;tt ito t A 0 i )lCCOtic u-.
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All of the littoral drift computations show a large gross drift of 300,000

to 500,000 cubic yards, defined as tie sum of all north and south movement,
regardless of direction, whereas the net drift is much smaller. Individual

yearly predictions show a wide variability in net littoral drift quantities.

The littoral drift is predicted to be from south to north with a mean value
of more than 265,000 cubic yards. The SSMO data and Coles and llilfiker's wave
statistics lead to the prediction of 61,000 and 76,000 cubic yards, respectively,
from north to south. This direction is consistent with the observed growth of
the fillets on each side of the harbor, the north side showing a much greater
accretion.

Figure 22 summarizes the monthly fluctuations of littoral drift based on
the SSMO data. The figure shows that the monthly drift is large during late
fall when the activity of extratropical cyclones intensifies in these regions,
and small during the summer months, especially in June, when wave heights are
generally smaller.

60 -

MONTHLY GNUS DRIFT

*0

-

6I0 I F

N

Figure 22. flonthly wariatiols of coimput ed
gross and net littoral drifts

for liollaitd, Michigani.

7. Adalysis of Aerial Photos.

A sequence of eiglit sets of aerial photos of Holland Hiarbor takt'n ove'r tht'
interval 27 July 1950 to 5 October 1973% was analyzed to assess thet lon~g-term i
evolutionary development of the shoreline. A rej're:;sio1n analy';is W'as ,perf'ormeltd
to correct the shoreline for lake level variation-, mnd to detcniiine the lonig- i
term erosion-accretion rates along the coast.
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Tale Ic presents shoreline posit ioS (Wi th Uld WithOult lake 1level cur EeVC-

t ions) as a funct ion of di stanfce alIong the coast , as det erm ined from the a r i al
photos. The corrected shorel1ine posit ions are refterenced to a colitttonlak 1A levelI
of 578. 5 feet, as determined by a regression aiainst lake level. Figuret 2-3
shows the 1973 Hol1land Harbor Shoreline. The Origin of thle coa'st] me Coordinate
is taken at the harbor, pos itivye in thle no rthI di rect ion. The shorelIinte posit ion
was measured at 29(1- foot inc remen ts along thle ev st.

A regressiton of shoreline posit ion againist lake level and t ime provided anl
estimnate of thle long-term e vol ut i ona tl rend of1 the s]o re Iin1 e t ec~lh staion
a long thle coast. TIhe regression study revealed general e ros ion extendingil soutt h
of the harbor and acecret ion i miedilately north of* the harbor. ovrer an S,410(-
foot span1 soo~t iOf thle harbor01, the ave rage beach erosi on rate wais ).7"5 foot
per year. Over a 4, OO- foot span1 immllediate I nor1th fthle l~hror, the aeri

act ion rate was 1.0bS feet petr Near. A spani Of It0,585 feet , st art jug 41,03t
feet north of thle hiarbor, hiad anl ave ragee eros ion rae of 1 .28 feet per. year.
These evolut iona ry t rends 01' thle shore1-line in CI ude na,3turl e ft' t s:as we]- I aIs

ayeftect s Wilii canl be aIt t i bted to tl lh rho 1r

F igure 241 shows the evol1utionary smoothled trend (diefi ned as, thet ave ra i~c
aicc ret ion or erosion rate between 195(1 and 1973) a long the coas t tear I io i IndL
Hlarblor. Lros ion Lioniates sooth Of thle llarbor-, aCCretioll il mnekl i ate I Vi or1tl,
and e ros ion apa inl farther northi of thle hia rbor. The snoot0010 Cel l'curei i ouie 203
1L1110:st rates thalt t .t' acet re .; il !l t rot th2 ia rho I' Cxtits V10' .;l 00~ 0
feet no rth of the hiarbor. These es ti ma tes of* the ecol ut i ona ev trend~ of, the"
sliorelin te are subj ect to I'large annual and spat ial f I nti.oat ions".

8. Cornpari 50ns of l'rofi les from 1945 arnd -1975 Surveys-.

The survey's of May 19415 anLd April 1973 (l ake levels at 578. 4 anL] at ')SO. I
feet , lutermat i(mal IGr eat Lakes 0:at un ( (61,), reCspct iVCye I )Lpeeni t Ai cottBta VSOil

oft' prof ile Changes froml whiiclh sedimnent volumne chianges can be es t imated. S i fii Le
thle actual profi le loeat ions inl thle two Surveys, did not Coinc ide (inl general)
tilie 19.15 survey wais .interpolaited onl thle liiles of' the 1973 survey to allo
C0ilipa r i Soil. Table 2 sulntiari zes thle cross- sec:t i oia a rea chianges and~ tilL volumie
Comput at ions inl two parts (above and be]low low wa1ter Ldatitil) . '[hle last CO 1011111

inl thle table gives thle erosion or acecret ion rates Lfete 'tti tied from11 Vth e l'i a

pliot Os.

The aive rage volumitetric accreti on rateI onl tlie northI s ide ( fromt grotijdSre
Litt a is 2. 13 cubic yards petr year pci 'toot ot- shoi' I inlc 1o'1 I, 95W teet (15t0 to
2 ,100 feet noi1'til of' tile bleA~wate r) Coitipa -cLI withi tlvrge shoreAIL I i t-CilCacr-
t ion rate of 1.92 feet ~iL'r veal1' Fom tii s Sa11te 1t'L'l ol LCt et l-L'lid I i'Otu FuL 201.
ileL ave rage vol tilict 'ic Cros '05i o rate oil title south st5id(e of tilie Ii a i'bor tl'otut tile
surlvey coltiai'ioiis is 1.11 cubic yards per1 year pet' loot Of bch ~l, %dlVI'i5 t I 1'
valu tes ft'omi :gurec 20 for' tite sootii st ret ch (471 to 5,550I feet sottht) give O.82

toot per year as mln ave rage r'ate of' shoreliniwe cros i oi. The agt'eetuelt ott thlc
north side if liC Ltes that tile app r'FOXi lint ion o 1 SquIlAt' toot Of' l'L'acl 11cr1 cubhI

yaird is reaisonahly' VAlil, WlIt-Clt, Oil the oothl 'side this is less true1. 11W' dis-
L'lepliev oil thle smotI h i d L it) I 'I atCi] t ithle Ib lii' f 01Oi' O Co 'ot i Iu till. ['Ie

.in crosio r hiat e be lot t liLe low %ater dat umtt level i S only\ 01. 10 k cub i C ya rILl pet'
year pe toot. iiece(, tie lt, i' Ltltit niblute ait least art aLddit iontIl 1.25) Li1hioc

yardsliper year per t'oot , hith excetelS tilie Coniditions lot' tilt' l;Ipp'ox i tuat i ol of'

I Surfoto e1 to o't'respottd to( I cub j c yartd of' matet'i a I
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2430.00 12. 1 13.9 ;:19.79 2246 's.6 b 23 2 9 17 2,.4 2296% 90 22132.54
I 40,UO 112):.'3 1901 02 2287 04 2.00.37 277.:33 229 64 12203 4 3 2220 2
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8.t msn.d by o8n.1 photo.

47



* is-

*I.

f 

A
C1

U)

*0 ., 4

.00i

0*

I*0 0
WOv f

(11 30HSJA

48q



toa-

Ae'-

a.

I.
C t

AVV
Q)0

0_2mnu o3 33YNAN UO~da t'

9s. 0

IV:

C' )

bg- C:

J--

49CC



ta ) 1C 2. S Iiii 1 '', o)t C Io -0 S C t I i 1 : c I Y iL' .11151 COO it ki
vo Il ujit I-I c Ch11anlges. ti r 1 1 if IJ I .i I1 r\C'

.1. 1, I.,1i Mean o1rrVed shcorelin.-

ko i I (IV - r.1t I t-, /r/fti r i t

IS,, 1.4 - 1.~r t 10'; 7i$-
1 134

I1IS4 1,54i.

4 9 2
?10JI .03 *03 .1.49 6>

f5 ,4 32

4 . '1 -0 _' -,174 9289,

I c -oi I 0.1 -1.0.3.

-09 -S..0 3.710
88 -1.59 -3,3944.0

9 339 - '54 '

, ii -3. 3 -0. 88 -U. 499

-2,431 . ' S . . -

*acretion; .ra~, nr

As demons trated 1) re v i ous I in th ana le S i oI te ar Ia l I ve> tieIIVV h'111F
b)0r infl uence on t he north s ide extends aboiut .1 0 2 itt ce t . taI l't ieLI rII hb I t It
aISSUmed that the obse rved e ros i(oil rate0, silIl bc C loseC t o te na 1:1t ira, I t. .rok "
rate for this area of the Like 'liciigan Coast . A\t 1 ,'2Iio t o 13, , 10 ) fee Ct t o t lit
north of tiol land Harbor, tile aVeraige eros 'iOfl rate duimii the 19.50-73 pe ,iod
(from ierial phlit os) iwas 1.28 feet pe.r YeCai p'~er t -oot ot snorei lie". I f the
app rox imat ion (, I Cubic yarid of Vol.111 min pI' sqnI'er foot Of IWhaehi i s USe Lt, OLt
corresponding sed iment volume loss is 1.28 en~hic C ards perI yeCar per foot of,
shoreline p lus the ('?'05ion rate ot' the dnes, tHie hiuffts h hhave. ai ae ag

he ight of abiout 49 feet in this airea would cont ribite an addit ionial secdisenlt
loss of 40 e~ 1.2812 7 = 1.901 CuiC *ar'ds )CI el' pe 1'C foot. IIen Ce, the(. totall
sedimnent loss to the 0 ttsloi'e inl thiis arais est i mated to be ave 1'au li' I iii

+ 1.28S = 3.18 Collie yards, per year' per foot of' Sh0oi'line durling theW p.st 2
-'eas. hisrate of loss is cons5ide red to represent the 11latiil'a I rate of Ito>

f'or 1littoral sediments in the Holland arei due to aill fCJtors eXCept) th KIA lIav

,oat ion structure. It Most he remenibered that tihe eros ion raeof 3. 1 " cill) is

yards pv'r y'uir per foot of shore Iinv' is ;ir av r'Ag'( r'ate Co K-past2 ; . ( V-

( 1953)- 73). Si inee lake 1levets have beenT moeCI Ii hi ohcer diii in,,, t lie pait i( c' _i L i
the present eros ion rate musI't be expeeted to he hi 'ir t han tiec li.is ,iid
therefore will1 probably exceed 3.18 cubi c 'its pcr Yc 1a' ptI'' tooWt of !1 V.

. )e ( i men t BI igt.

aL. , orth Side. An independent evajl ilat ion iii the iict litlfi t Id silI lii
been obitained from va riious surveys as simiiri,;r ht'i l if) 1,Is k- ;I shi ilid I'-t
aria I 's is; is made fo r t ie(. no( rt hIi'; id oI0f 11 I 1;to I I Han I I h r. Hit, ho r( I I it-, I

s hown i n [:i gore 2.5 pro v ide i nfo rmaIt i onl fo r an1 aj r,'e iie. I JiL rI'I ( lt of kI i( Ii ii.

An ;tip ro i'i) i at i on foir voriii et r i ae re.Ct ion canl Vio n n h( C i ')i ItI 1 t-11 ht
relat ionship , %d~~~~~~wier in I -sqotl_ Ot (I' C~i!,C il)C C] 11''A. 1-'lCJJ

cub ic y'arid of' lwicct mater i at . Ill is ret a;t iwpoi' t1) llii> p) icf Si i> t V I 'tIi -hoioi I

lno reasiai ; i I vi I I d I'ort t Ii. I huro -t I s i tie . S I l ibo Cwii t c( I r r c I i, 'Ii r] ii I - i -

sairy becausec o f thel( tilic-itli td it'il, IIj~liIitfIiui.

50



Lit

• II N

AA

l'J\

t - ,

- - :: : ,. .. rdHOLLAND

~IYSTATE PARK

7I j

1/

/

F t ,IIrQ 2.S. IliSturiCal shore, lncs north oft FIt l]and, M.ic'higanu, hctwc,£n lV V
andl I93 S {fro)m I.5. "\i-mv l.nL incutr Iii stri - , lt troi t, 193:).

51



Thie area chuiges corresponding to the waterl inc show.n in Figure 21 were
determined for a lenoth of shoreline extending 2,550 feet north of the north
breakwater. These areas are sunirnari zed in Table 3. A correction is applied
for the va riat ion in l ake level b~y thle relat ionship

Correction in 1,000 square feet =45 xlake level difference x 2,550)

whi ch fol lows thle assurnllpt ioni Of anl average beach slope of 1 on 4S for this area
as determined from the 1945 Surveys.

[ab~le 3. Sumimary of shoreline acc ret ion rates niorrlh
of Hloll and [[arbo r (1849-1945).

MeLasrel area from Ilake level Lake level Area Net area Rate
tear breicater to (N.Y. datum) difference corect ion

2,550 feet north
(l.000 ft')~ (f)ft) (1,000 ft

2
) (1,000 jt

2
) (1,000ftlr

1849 714 581.0 ---- -- 714. 17
1856 49S 582.1 -1.1 '126 121

1871 1,.181 5821.9 -1.9 -'18 1,398
-3.4

1906 1,462 581.5 '8.5 '57 1.519
* 13.7

1933 2,175 578.S - 2. 5 -87 1,888
'13.4~1945 1,941 580. 1 '8.9 ' 108 2,049 _______

Thie results of thle computations; ('alIc 3) inricjate rates of a1cc ret ion 'VZarx'-
ing from 3,400 to 51, 900 cubic yards per' year if' the general. rurle of I skulare
foot of beach area corresponds to 1 cubic yard of beach material is aIpplied.
Tlhese acc ret ion r-tes shiould be interp reted aIccordingo to the isStory of thle
const ruct ion. [Ihc fi rst breakwateris were COns't rlc ted in 1 856-o) arid t rapped
most , if riot all, of the littoral dri ft. Since thle accret ion of 51,900 square
feet per year during the period IS56-71 is an1 ave rag~e, thenl tile Cori'espond inrg
litoal dri ft rate mus ttha ve exceeded .5 1 ,900 cub ic ya rd-; pc i yea r ( it mus t be
aIssumedCL that 1w 1S71 some of the littoral transport waIs paSS10 riga-ountd the break-
water hecads irnto the nayvigat ion charnne1).

The acc ret ion was s lowed to 3,400 SquIM~e feet pcir year from 1871 until1 thle
harbor breakwater extensions were sta rted in 1900. [here forec, thle [it toria

t ranspor't piass inrg ar'ound tire riorthi b rca kwat e must105 have beern qu it e hi gh frolrn
187 1 to 1900; alIso, tie building of new duneIIs by w inrd act ion p robalV oc cii'r'ed
during this period.

From 190(o to 1933 tile accret ion averagedl 13, 700 59kIiiie teet per yea r; aftecr
1933 th is rajte dr-opped slighit l, to 13,400 square feet per year'. llowever, sOnic
~ii I ad dimne bu11il1dinrg could sti11 be t ak inrg pla ce. Mecasurmicrrics from thre 19-15
survey sli.)w an accumulated volume of 137,400 cubhic y*ards above elevat ion 5785
119 1. dalt urn1) on th i or'th s ide o f [Holarid l~ar'bo r. [lii voli2ume won] d on] v

account .'or ablouit 1,900 cuirbic yards per year f'rorm 1871 to 19.15 burt w inrdbl[own
,,Irid l0osses" f'art her in l:iiid would increcase this.

Plie d'tA i led ara[ f s0 ;icr'i ii photos, taen Croi [950 to 1073 iridi cates
in1 aIve r-.ge' aJceret ion rI te of abou)It 1 5feet pe'r ve;i r pe'r l'oot of' shiorel ine f'or
the firns t -1,00(0 feet ot' sliore 1inci north of' the harh'or , a t ot ii of t ,100 spua r'c

feet pcI' yeair. [lie accrct ion rate based onl a coniiiri son of' tie 19-15 arid 19-.

hyrgrurpiic suirveys for pirofil[,., 1, 2, aid 3 irn FiVU- 10r %11' was llolt 41.8001
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cubic yards per year for the first 2,550 feet north of the breakwater. The
incoming littoral drift supply must be providing the observed accretion since
there are expected offshore losses of 3.18 cubic yards per year per foot of
shoreline for the first 4,000 feet of shoreline north of the harbor, and
material is apparently being accumulated in the dunes in Holland State Park.

To summarize the present situation, it is believed that about 61,000 cubic
yards of littoral material is being transported toward tol land ltarbor from the
north. The disposition of this material is summarized in iFigure 26. About
12,700 cubic yards per year is lost offshore (3.18 x 4,000), 6,600 cubic yards
per year is accumulating on the beach face on the north side, and about 1,900
cubic yards per year is being accumulated in the dunes of Holland State Park.
Although the exact amount is unknown, an estimated 1,300 cubic yards per year
of sand is lost inland. Hence, it is calculated that about 38,500 cubic yards
per year of sand arrives at the harbor entrance but at the most 25,000 cubic
yards is trapped. It is likely that some of the 25,000 cubic yards dredged in
the harbor entrance comes from the south side; therefore, at least 13,500 cubic
yards per year is lost offshore. Consequently, it is concluded that the harbor
structures cause a loss of materials from the littoral region of at least
13,500 cubic yards per year. In addition, the 25,000 cubic yards per year
that is dredged is dumped offshore. The overall result is that the south side
of the harbor is being starved of 61,000 cubic yards per year.

13,500 Yd
3  

lOsl offshore

3 18 Id 3 /,f 0. Ol,w.

Total 12. 700 yd 3 0 lost fore4 4 4

38,500 yd ( K K (-i 6 ,000 yd3

Total 9,800 yd ,o Stole Beach Park

Toa 1,900or yd3 a ue

TOfOl 1,900 fd f0 3 18 id 'fl aed d from 1horolI,.

HOLLAI.C STATE
PARK

TotO 1,300 yd to Inlod

4,000"

F igure 20. Smuzimary of sand budget north 4f Ilol land, 'lichia an.

b. South Side. Figures 27 and 28 provide information for an area measure-
ment of shoreline accretion and erosion. The beach area changes are s ununa iz ed
in Table 4 by areas north and south of a section located 1,200 feet south of the
south breakwater (an arbitrarily selected station which appears to correspond to
a stationary shoreline point for the period 1856-1945). The table summa rizes
the corrections in lake level variation about an average offshore beach slope
of 1 on 24.5 for the first 1,200 feet south, and an average beiach slope of 1
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['igure 28. Historical shorelines farther south of lolland, Michigan, hctgato,
1871 and 1945 (from U.S. Army Engineer District, Petroit, 1975 .
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Table 4. Stummary of beach area changes south of lolland [[arbor.
Year Me...re. a ake 1eve1 Lke level j Lea I Cat area Rate

(N.Y. datum) diff" rence correct ion
(1,000 ft

2
) (t) (ft) (1, ft

2  
(1,000 ft

2
/yr)

8 reakw.at er to -o_ .20feest-south-

1849 184 581.0 ---- --- 184
-8.3

1856I 104 582.1 .1.1 .22 126
22.9

1871 433 582.9 +1.9 .37 470
1.1

19U6 497 581.5 -0.5 -10 507
4.9

1933 6'88 578.5 -2.5 -49 639
0.8

1945 647 580.1 *0.1 .2 649

1,200 to 3,600 feet south of breakwater

-s,19 530 581.0 ---- --- 301
.14.6

1850 391 582.1 -1.1 +37 428
25.6

1871 748 582.9 -1.9 .64 812
4.9

1906 965 581.5 .0.5 .17 982
15.6

1933 1,487 578.5 -2.5 -5 1,402
-8.8

1945 1,294 [ 580.1 .0.1 +3 1,297

on 12.1 for a length fron 1,200 feet to 3,600 feet south of the breakwater.
The values shown in Table 4 can be added for a representative length of shore-
line of 3,600 feet to yield the result that an accretion rate as high as 48,500
square feet per year in the period 1856 to 1871 decreased to a rate of about
6,000 square feet per year from 1871 to 1906, then increased again to 20,500
square feet per year following construction of the breakwater extensions after
1906, and finally showed an average erosion rate of 8,000 square feet per year
from 1933 to 1945. '[his last value corresponds to an erosion rate of 0.75 foot
per year as determined from analysis of the aerial photos. However, it should
be emphasized that the recently observed erosion rates reflect two effects:
(a) The length of shoreline near the harbor has been protected by rubble and
groins, and (b) the unprotected shoreline farther south is backed by dunes with
an average height of about 120 feet with peaks more than 200 feet above the
lake level.

The rate of accretion at times on the south side may seem somewhat surpris-
ing, but it must be recalled that the littoral drift often reverses (see Fig.
22) and in some years may be completely reversed. The variable direction of
littoral drift is also evidenced by the two surveys in Figure 12, whici shows
the harbor entrance shoal from the south side as being apparently larger than
that from the north in 1973.

Using the approximation of I cubic yard of sediment per square foot of' beach
the 1950-73 observed average erosion rate for about 9,000 feet solth of [lolland
larbor is 0.75 cubi c yard per year per foot of shorel ine, pl s the b 1lff cont r i -
bution of 0.75 x 120/27 = 3.33 cubic yards per year per foot for a total loss
rate for unprotected shoreline of 4.08 cubic yards per year per foot of shore-
[inc. When compared with the erosion rates observed for the shoreline about I

mi Ie or more north of lolland [larbor of 3. 18 cubic yards ier year Ier toot, the
difference of 0.9 cubic yard per year per foot of 22 percent can be attrillutcd
to the ntvigltion structure. The effect is very small and should not le ex-
pected to be readily apparent. The rate of loss Of 0.9 cubic yard I) 'yVeal jieL'
C'oot of )lu It mIterial wiuld COi?rsiiold to a Sholre I iHL' erosion ll te of ] '' ; It hal'
0.2 foot per year for a bMuff'f height of' 120 fecet.
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The actual loss of land to the south of Holland (attributed to tile naviga-
tion structure) is relatively small, at the most 22 percent. This figure has
been derived as a 23-year average, but with current high lake levels the pres-
ent natural erosion rate is certainly higher than the average.

The evolution of the shoreline at Holland was studied using the present
model. The relevant physical data and the estimates of offshore sediment losses
were used in the analysis. Interpolation of values shown in Table I gives the
shoreline every 100 feet along the base line. The channel at the harbor en-
trance was collapsed to zero so that the south reach ended at 0- and the north
at 0+. These shorelines indicate that the shore is stable at the breakwater;
therefore, when the direction of transport is toward the breakwater it is as-
sumed that the sand transported to the breakwater is entirely lost offshore.
lonthly lake levels were taken from Figure 21. The results of these computa-
tions are not given since they are essentially previously described results.
The average beach slope at the waterline was determined to be 1:10; the beach
profiles in Figure 17 near the breakwater show that this is a reasonable esti-
mate although the slopes are not constant from profile to profile. The height
of the bon, is assumed to be 10 feet. The depth to no sediment motion was esti-
mated at 30 feet, based on visual consideration of the offshore bathymetry and
the use of eggel's method (J.R. 'eggel, personal communication). An offshore
loss of 3.2 cubic yards per year per foot of beach is also included (see Fig. 26).

The transport equation for this situation can be written (see eq. 53)

ay 2 1 dD dLt = x (K )Q) m dt dt

where
Q = cos o sin b and 2= - (DQ)

m = beach slope at waterline

D = dimensionless lake level

dL = dimensionless offshore line loss

This equation will be applied on each side of the breakwater. Mhen the in-
coming wave direction gives drift toward the breakwater, the boundary condi-
tions expressed in Q are

ill = 0

7) x

and
t = cos . sin ,q

Conversely, when the incoming wave direction gives drift away from the break-
water, the conditions become

= I 0

IX = c o s 4 s i in L.
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Choice of wave climate is the remaining input parameter to be determined, and
is the most controversial. TIhe wave climate most desirable for the study of
shoreline evolution is a time series giving wave height, 11, period, T, and
direction, D. Unfortunately, this is seldom available and hecec monthly sta-
tistical summaries must be used, such ats those by the SSM0 for southern Lake
Michigan. One possible use of the summaries is to construct monthly times t
for each possible (11,T,D) triple, i.e., t(1Tf),and then calculate the evo-
lution of the shoreline as the (H1,T,D) triples are chosen in some determin-
istic order or at random. This method would be computationally very expensive
and is not used. The most simple approach is to assume that these arc but two
(ll,tl,T) triples representing the gross transport north and south, each occur-
ring for some length of time per month. The entire shoreline is alternately
calculated for an in,-remental time, assumIIing the direction of the incoming
wave is positive, then negative. The period, T, used is taken to be the
average T; i.e.,

where the p (ll,) are the (il,1') probabilities given in Table 19 of the SSNMO
(National Oceanic and Atmospheric Administration, 1963-73). The choice of (11,D)
for north and South, denoted (II? ~)and (lq 9,respectively, must now be made.
This choice is subject to the condit ion that the actual northerly transport , as
calculaIted from the statistics and given a straight shoreline for the reach of

interest , he preserved; i.e. ,

t.jVT Cos sin t,3 i141 p(f,Dl) TH: cos x.1s1

Ti 1) giving
north t ransport

t number of hiours in a givyen montli

p(T 11) =con1di tiO11 1ona probaility' 'I occurS giVenl 11

p(1b probal i it y of (ii, 1)) p)ai r' (using Table 18 in) S""11 as a data base)

=f(

t imb 1 rM)I Of hIours theL ave riJge a condit ion e.Xists

I ave rage wave he ight

I ): - shore line orieiition

V. average direction

and simi 1ar'ly for the di rect ions; giving south I ranspk rt.

The averageII di rect 0ins of the' shoreline ait the hrawa rirecaluae
from the hi st orical records. Trhe di rect io(ns are chosen1 fur1 the' incomIIing have
mig les S i ri.c h c00 OI eX geomeIt rv Of theC ha jrho i eawae i thenarh
Naore lIine tfrom waIVeS arri vinrg fromr most di reel ions. At p reselt , the t inlc dura-

ion Of waves arri ving from the north is assumed to he the "alie as froml the
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south; therefore, t... = t. = o..5 t,. The conservation of transport eqjuat i on is

then used to calculate the average wave heights II.7 and II.. The results of
these calculations arc given in '[ablc 5.

Table 5. SS',O averages for IHolland Ilarbor.1

Mont h If II.,

('t) (tt) (s)

.ali . ,1.3 4.3 0. 1
Feb. .4.0 3.6 6.0
Mar. 3.5 1.9 0. 3
Apr. 2. 6 2.. S. 5
Jlay 2.3 1 SA
,JuneI 2. 1 1.8S S. 3
,Jul 1.8 2. 1 5.3
A' , 5.6
, I) t . 3.0 2.6 S.8
Oct . 3.O 3.6 5.9
Nov. ..0 3.. 0.0
Docc. .1.2 i.8 5.9

..\n i 1 .. - 2.9 S. J S

1!o. . - -Si; ". - + - .

The computer program described in tht Appendix was use'd to calculate the
evolution of the shoreline from September 19,7 to May 1968. ihe historica
1967 and 19o8 shorelines, as well as the computed 1908 s"ico'line, are shown
in Figure .).29 The calculation assumes that 'x = 100 feet hi th \ I wl i ch
gives a value for "t which varivs fron S to Zt hours depending on thil monthly
wave characteristics. The principal discrepancy betw\een the predicted and
actual 1968 shore line occurs near tl' breakwater. Although tile shaps agree,
there is an erosion in the calculated shoreline ili ich is probably due to the
approximations used ill tile calculation of the diffraction coefHi ciilts, llld
incoming wave angles wiicli are fun ctitiolls of x in tile shadow regi ol of tie
diffraction zone. The unaltered theory of Peniiy and Price (19.1.1) \,as ilcor-
pedtaed into the numerical scheme since most breakwatel-s Canl1 he C'pleseltCd
as line barriers, and hence is alllost allways useflii. Iloweve r, for the case
of Htolland Htarbor a uiversal Iv valid predict ion of tile sliorel me woil d re-
quire the detailed caIculI ation Of tie diffraction cffccts due to t lie i Okne t ry
of the breakwaters. Also, the colivel iellt cho ice of illcolillg ISav direct ion
obscures the fundamental problem of how to p role r ly use tile st at ist i cal iv\S
s umunl; r r i e s .

IV. (:uNCllJS lINS ..\N l t) RItTt INXI)' IONS

The basic idea o1 Pt'eliard-Cows i der' ( 195) 0 i.e. , to in1VSt te hor(, inC
evolution by concent rat ing on colns erva t ion o"l II;im',,4 is ;a special ol (-di 1'ln i onll I
1)robleIm, has been general i :ed to essent ial ly its limits of :applica i i v. lhcILV
physical processes of' refract ion and di ffract ion (ihic re appl i cable) hav, bee
incorporated, including deterministic variations in take lvetl , bliuff he ight
and beach slope. The inclusion of' 'e fr;Ict ion MakCS posiblt' tie p roper u Ofe ol
the known phs ical relationshi ps betwecn wlve enerLgy an1d 1 it to ral dri ft oil a
priori ba : is ,without necessarily determin ing these aq sa l rest I froml the p1ist
recorded sho re lines at a gi veil Ir at iol. Acctailte dltrillillat loll ot" slholre h,-
havior in the lee of a hreakwater requires inclusion )f di tf'irct ion in sow
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Figure 29. Computed data versus actual data.

form. This could be done in a heuristic manner, either in the global approxi-
mation described previously or in the use of the constant depth theory of Penny
and Price (1952). It could also be done in a more rigorous manner which would
include the effects of a sloping beach. Thus, quantitative predic:ions of the
shoreline can, in theory, be attempted in situations where onshore-offshore
transport of sand is either negligible or is known from other sources.

The resulting theory is presented in two equivalent forms, one in terms of
the behavior of the shoreline y(x,t) alone, the other expressed explicitly in
the longshore transport Q(x,t) and implicitly in y(x,t). The former has the
advantage that numerical schemes, such as that of Crank-Nicolson can qualita-
tively indicate the behavior of the shoreline in regions of rapid change. How-
ever, the conservation of mass is difficult, if not initially impossible to
achieve since any approximation of a transport-derived term (i.e., a term
arising from ')Q/,)x) will alter the transport balance. The later form allows
the use of analytical or numerical approximations in the transport equation
which will not disturb the total sand content of the system, but only its
local distribution.

The most severe and unavoidable limitations to the engineering application
of these methods are the use of the statistical wave summaries. One possible
use of these statistics was shown; however, many others are possible. Efficient
and accurate use of the offshore wave statistics is endemic to the problem of
large-scale shoreline prediction, and must be achieved before any theory (whether
one line, multiple lines, or grid) can successfully produce accurate results.

The problem of shoreline evolution sensitivity to time step in the input
wave climatology would require further research. Despite this limitation, it
the effects of wave refraction, wave diffraction, and change of lake level are
taken into account (as in this report), and if the method is eneralized, then
a mathematical model with multiple bottom contour lines could be formulated
which would (if the problem of wave statist ics input is solved) perilit a cal-
culation of the evolution of the complete bottom topography.
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It is important to point out that wave refract ion effect on shoreline evo-
ILut ionl ha3S heen founld part i cularly important . It is particuliar ly necessa ry ill
order to determnine a plan formn stability cri teri a qli ich can be established from
the present formulation.

T'he p rob lem of shoreline stability needs to be invest igat ed , both physi -

cal ly and numerical ly , as for some deepwate r wave angle, shoreIline per-t1IurbAnce
may increase by instabil1ity instead of' being flat tened oult

Perhaps One of thle most signi f icant resLIItS sOf t hi s ma~t henaKt ica app roa ch
to shiorel1incev V1LUt ion is to p)oint out thle needL for' 1110'C reSCa 'ch to qua1illti fv
thle phenomenol ogy rel]evaint to shore line e vol ution. T[he in serion Of cup irFi cl
paranmete rs hias alIlowed the invest igat or to fit (to a large extent a tor'n ofI
shorel1ine evolution; however, the p rocesses involved ill echI Of these p~ar-al-
etc rs arc not iel11 knowqn, anid, what fits at H oll and, imay niot neces saril i pply
e Is~lsewhre. For example, the research topics whlichi will improve thle mlodel ;11re
(a) onshore-offshiore movement; (b) (quanJtity' of sand (silit) lost by Ipl Currents
o r den s ity c ur ren t s; (c ) pe rcen tage o f sanld i n s us pe n s ion; (d) d i s t r i bu tt i oii o t'
sand d Li s chla rge as a funv c t i on o f th]Ie d i s t an c e f romi shIIore auIn d (c ) no re i iaopo I-
twit ly, hiow to t reat the wave cl imatology inl f inlite t i nc intervals; to obta in1
anl equi va lent result . 'The last top ic nayk) be thle most difft'i ci t s ilncc t~l he 01osC
(i.e., daily Variat ion and effect of Storm) na1;1' exceed thle signal (i.e., t1e
long-term trenid) . Shorel inc evolution is due to a success ion Of eXt reLieL t'VCiit $
separated by) long-pc r iod t ime effects of equal importance. [lice efore , 1 l1c
t Featien t o)f long-tern e vol ution from11 anl ave rage Wav xCclimatology i, s iucst ilonl
aible , since thle Comnplete t inlc hiistory m1ay. have to be conlsidere'd onl a kWi iIvl\i "
This topic Can be investigated by a sensitivity anlalysis to wave dcfl mit iku;
e.g., the present miodel could be used, as w ell as a research1-~ guil incI t"oi' t'i II-

ig many knowliedge gaps inl shloreline processes.
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AM1PENDIX

COMPUTER PROGFAM

This appendix presents the listing and brief explanation of the computer
program w-ritten to investigate the behavior of a shoreline which contains a
complete littoral barrier at x = o. The numerical scheme is based on the
finite-difference method of Crank-Nicolson, used to solve the cyclic nonlinear
transport equations in Q and y. Although the program is written expressly
for Holland Harbor, Michigan, hopefully, enough explanation is given to modify

the program, if necessary, to suit a particular application.

The program consists of a main program, which is simply a calling routine
to the controlling subroutine, and eight subrout.nes. The interrelation:-hip
of these programs is shown in the figure below; a brief discussion of each
subroutine follows.

~MAI1NO

SOVE EVOLVEQ INPUTO

L'

I
0REGION CALW. . t SRElGION

9 V . - _ZSWl.A Jb si-,---. CA L-orD C,.-

[G~rL

F i gure. 'ogr i 1 1 rcture.

MA I Q Calls subiroutine LVOIVEQ -tQ

EVOLVlQ The controlling subroutine which organizes the numerical method i n a
global sense and calls various other suibroutines as required. The
first call is to INPl'O, which reads the controlling partamete rs, h is-
torical shorelines and lake levels, muld stat ist ical wave inform;t ion.
For each month in the t ime period of interest , subrout il e (A'A KI) is
cal led. (It is assumed that durn g a month tthe di ffract ion couffi -

ci ents change negI i gib ly. ) For al1terlat ing equal incremental times

the angle of the incoming waves is changed and suthroutirne SOI[i() is
cal led. This is repeated titil a month's ti me has been completed.
Then this is repeated until anotlher historical shoreline is reached.
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INPUTO This routine reads the information required to define a particular
problem. Below are the cards required with an explanation of the
variables required. Title cards are user information devices which
are printed but never used. The card(s) are nurihered by their order
as defined by RIEA) statements.

CARD 1: title card

CARD 2: LAMBDA = X = At/Ax2

B = bluff height (feet)

DO = depth to no sediment motion (feet)

DX = Ax (feet)

BERM. = berm height (feet)

BWL = length of breakwater (feet)

BIVD = depth of breakwater tip (feet)

SLOPE = slope of shore profile at waterline

CARD 3: XLINE = offshore line loss (square feet per hour)

CARD 4: title card

CARD 5: Nl = number of grid points to left of breakwater

N2 = total number of grid points on both ,=ides of the

breakwater

NI) = number of historical shorelines

NY = number of years lake levels are to read

INYR = year of the first historical shoreline (must be
year of first lake level as well)

CARD 6: for all years with historical shorelines read

year (I); I = 1,ND

month (I); I = 1,ND

hour (I); I = 1,ND where hour is the day x 24

CAR) 7: for each grid point 1 read historical shorelines (feet)

CARD 8: title card

CARD 9: for each year read lake level for each month

CARD 10: title card

CARD 11: for each month (including annual which is not at presvnt
used) input (in the notation used for Holland) If, II7,
D,,, 1), T, T.

The input data above are printed without explanation along with
several assays used internally. Note that in this routine i
redefined slightly so that a month's time is exactly 2n.'.t.
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SOLVEQ This subroutine calculates the shoreline for one time step assuming a
previous shoreline (and shoreline angle = tan- 1 ()y/,x)) and diffrac-
tion coefficients as calculated in subroutine CALCKDQ. The schenme is
essentially as is described in Section 2. The matrix inversion is
achieved using a standard algorithm for tridiagonal matrices.

CALCKDQ This routine calculates the diffraction coefficient and incoming Wave
angle _x = A(x) in the diffraction zone using the theory of Penny and
Vrice (1952) for both incoming wave directions (the angle convention

is shown in subroutine INPUTQ).

QREGION Calculates diffraction in the 'Q" region.

SREGION Calculates diffraction in the "S" region.

CS Calculates complex valued Fresnel integral.

CTC Calculates a given depth and period.

Note I. In subroutine IVOLVtQ
Ll = 1st year index
L2 = last year index

Calculation
begins at date: year (LI), month (I1), hour (I,1)
ends at date: year (1.2+1), month (1.2+1), hour (1,2+1)

In a general program
1l = 1
L2 = NI)-I where ND is defined in subroutine INPUTQ N) must be

passed to subroutine FVOIV{Q.

Note II. Program as given in this report is set up to allow complete bypassing
(lost offshore) when waves are not diffracted, i.e.,

To change program for no bypassing, four statements must be chaged
in subroutine SOLVEQ.

2 statements after 1001
change QOLI) (NIPI) = (1-ID) QOLD (N1112)

to QOIL) (NIPI) = 0

1 statement after 1001
change QOIL) (Ni) = (ID-1) QOL) (NlINl)

to QOLI) (Ni) = 0

1 statement after 3000
change t'(NI) = I. - (I)-1) x Q(Nikl)

to P(Nl) = 1

3 statements after 3000
change Q(NIIl) = 0 + (2-1))/P(N 111)

to Q(NIPI) = 0
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